Introduction
It is well known that flickering a light, while keeping its average intensity constant, can alter its appearance. Indeed, there are bodies of literature both on the changes in brightness [1] [2] [3] [4] [5] [6] and on the changes in color [7 -10] that are caused by flicker. Such changes are the result of nonlinearities in the visual system.
An important generalization about the visual effects of flicker was made by Talbot [11] and Plateau [12] , who noted that the flicker must be visible for it to alter the appearance of a flickering light. Thus, lights flickering at rates above the temporal resolution limit (i.e. above the critical flicker frequency or CFF), above which flicker is invisible, should appear identical to steady lights of the same average intensity and chromaticity. Given the ample evidence that the early stages of the visual system can follow flicker at rates well above the observer's CFF [13, 14] , this generalization is important because it implies that-at least for flicker above the CFF-the early visual stages must be operating in an approximately linear range. If they were not, nonlinear distortion would alter the appearance of the invisibly flickering lights, and the Talbot-Plateau law would fail. Fig. 1 shows a simplified linear model of a visual system that obeys the Talbot-Plateau law. The top panel shows two cycles of the input signal (the visual stimulus). The second panel summarizes the early stages of the visual system as an early linear temporal filter, which produces the intermediate signal shown in the middle panel. The intermediate signal depends on the early filter, which will scale and delay the frequency components in the input signal (in this case, three components, as described in the next paragraph) according to its transmission characteristics. The penultimate panel represents a late temporal filter that transmits low frequency flicker but selectively attenuates high frequency flicker. Lastly, the bottom panel shows two cycles of the output signal, which in this case is a constant. We assume that the output signal is the basis of the subjects' responses.
The visual stimulus shown in the top panel of Fig. 1 is the primary stimulus used in all but one of the experiments described below. Rather than using continuously-presented sinusoidal-flicker, however, we modulated its amplitude sinusoidally. We refer to the sinusoidal carrier frequency as f c and its amplitudemodulation frequency as f am (see Eq. 2, below). In our experiments, f am was always lower in frequency than f c . Such stimuli are composed of only higher frequency sinusoidal components at or near f c , as indicated by the arrow in the second panel of Fig. 1 , there being no sinusoidal component at f am (in fact, the higher frequency components are the carrier frequency, f c , and two sidebands, f c −f am and f c +f am , with relative amplitudes of 0.50:0.25:0.25, respectively; see Eq. 3, below). Since the late temporal filter shown in Fig. 1 blocks higher frequencies near f c , it blocks the flickering stimulus, passing only the time-average signal. This system, therefore, obeys the Talbot -Plateau law. late linear filters. Passing amplitude-modulated flicker signal through this nonlinearity compresses the peaks of the signal and produces a low frequency sinusoidal component at f am (and smaller components at higher harmonics of f am ) that are not present in the original stimulus. When the compressed signal is passed through the late temporal filter, frequencies near f c are again blocked, as in the linear model of Fig. 1 . Yet, in this case, the low-frequency signal produced by distortion at f am , which is indicated by the arrow in the penultimate panel, is transmitted to yield the slowly-changing output signal shown in the final panel. In contrast to the linear system of Fig. 1 , the nonlinear system of Fig. 2 does not obey the Talbot-Plateau law. Any flicker signal that is transmitted by the early filter to reach the nonlinearity will produce a lower average output signal than a steady signal of the same average intensity, irrespective of whether the flicker signal is transmitted by the late filter.
The main advantage of using amplitude-modulated flicker is that it produces a distortion signal at f am . Thus, we can independently manipulate f c , which alters the sensitivity of stages before the nonlinearity to the stimulus, and f am , which changes the frequency or frequencies of any changes produced by distortion after the nonlinearity.
Under most conditions of adaptation, the TalbotPlateau law appears to hold. Under the conditions of our experiment, however, it does not: a sinusoidallyflickering S-cone-detected target looks more yellow than a steady target, even when the flicker is above the observer's CFF [75] . This failure of the Talbot -Plateau law implies that in the S-cone pathway, as in the model illustrated in Fig. 2 , a substantial nonlinearity precedes the stage or filter that limits flicker detection. Such a nonlinearity is important because the distortion that it produces can be used to distinguish the temporal characteristics of the visual pathway before and after the nonlinear site: that is, we can separately determine the properties of the early and late temporal filters illustrated in Fig. 2 . Considering the visual system as a triple 'sandwich' of linear, nonlinear, and linear stages [15] that can be separated by analyzing nonlinear distortion is now a relatively common research strategy. Such studies typically analyze the nonlinear interactions between stimuli of two or more sinusoidal frequencies (as in this study) or interactions within white noise [16 -24] . The novel feature of this study is that our newly discovered failure of the Talbot -Plateau law can be used to measure the distortion in the perceptual absence of the flicker that produces it.
To learn more about the nonlinearity, we also carried out a series of nulling experiments, in which we canceled, with sinusoidal flicker, the color change produced by the distortion of the amplitude-modulated flicker. These results confirmed that the nonlinearity is compressive, and demonstrated that the function relating input modulation to output distortion is closer to a linear function than the quadratic function expected of most smooth compressive nonlinearities [25] . We argue that the nonlinearity is a 'hard' one (i.e. one with an abrupt change in its input -output function) that probably reflects an abrupt clipping of the S-cone signal above certain signal levels (see Fig. 13 , below).
Methods

Apparatus
The optical apparatus was a five-channel, Maxwellian-view system illuminated by a 900-W Xenon arc light source. Test and field wavelengths were selected by the use of interference filters (Ealing and Oriel). IR and UV radiation were minimized by glass filters (Schott). The radiance of each beam was controlled by fixed and variable neutral density filters (Inconel). In addition, sinusoidal and other temporal waveforms were produced by pulse-width modulating liquid-crystal light shutters (Displaytech) around a carrier frequency of 400 Hz. Each shutter had rise and fall times of B 50 ms, and could produce sinusoidal modulations from 0 to 90%. Modulation is defined as:
where I max is the maximum radiance and I min the minimum. Varying modulation varies the fraction of the light that is flickering, but not its time-average radiance. Modulation sensitivity, which is plotted in many of the figures below, is the reciprocal of the modulation threshold. The contrast of the shutter in the primary test channel measured in situ was better than 140:1 at 440 nm, 230:1 at 470 nm and 300:1 at wavelengths \ 500 nm. The variability in contrast with wavelength has only a minimal effect on the modulation depth produced by pulse-width modulation. The optical waveforms were monitored periodically with the use of a Pin-10 photo-diode (United Detector Technology) linear amplifier, and oscilloscope. The observer's head was stabilized by a rigidly-mounted dental wax impression.
Stimuli
In most experiments, a 440 nm flickering target of between 9.48 and 9.58 log 10 quanta s − 1 deg − 2 (1.85 and 1.95 log 10 photopic trolands [ph td]) was presented in the center of a 620 nm background of 11.59 log 10 quanta s − 1 deg − 2 (5.03 log 10 ph td). These conditions are known to produce good short-wave cone isolation [26] , but we carried out further isolation controls (see Fig. 4 below) . In some experiments, an additional 609-nm target of 11.03 log 10 quanta s − 1 deg − 2 (4.61 log 10 ph td) or a 640-nm light of 11.07 log 10 quanta s
− 2 (4.16 log 10 ph td) was added to stimulate the longer wavelength, L-and M-cones. These conditions cause little or no bleaching of the S-cone photopigment. All stated radiances are time-average. The targets and background field subtended 4 and 9°diameter of visual angle, respectively. In most experiments, amplitudemodulated flicker was used (see the upper panels of Figs. 1 and 2 ). In the forced-choice experiment, however, a single cycle of the amplitude-modulated flicker was presented in one of two alternative temporal intervals. The intensity of the 440-nm target was systematically varied in the critical flicker fusion experiments.
The amplitude-modulated waveform was:
where R is the target radiance, m the modulation (0-0.9), f c the carrier frequency (Hz), f am the amplitude-modulation frequency (Hz), and t is time (s). An alternative way of writing Eq. 2, which emphasizes the frequency content of the waveform, is:
Subjects
Three male (AS, DJP, PW) and one female (CK) subjects were used in these experiments. Two were experienced, well-trained subjects (AS, DJP), and two were relatively inexperienced (CK, PW). All had normal color vision and required no corrective lenses.
Calibration
The radiant fluxes of test and background fields were measured in the plane of the observer's entrance pupil with a radiometer (Graseby) that had been calibrated by the manufacturer against a standard traceable to the US National Bureau of Standards, and cross-calibrated by us against other devices traceable to both US and German standards. Neutral density filters were calibrated in situ for all test and field wavelengths used. Interference filters were calibrated in situ with a spectroradiometer (E,G and G).
We carried out both physical and psychophysical tests of system linearity. Measured with an integrating radiometer, the difference in time-average radiance between 90% modulated flicker and 0% modulated flicker of up to 40 Hz (the highest frequency used) was B 0.2% of the average radiance. Under the conditions of our experiments, any distortion signal produced by the apparatus is therefore well below S-cone threshold (see Section 3). The lack of visible distortion produced by the apparatus was confirmed in a psychophysical test of linearity, which is described below (see Section 3.1.2). Other physical tests, carried out with the use of filters to isolate different frequency bands, confirmed that the frequency content of our stimuli was correct.
Procedures
Subjects interacted with the computer by means of an eight button keypad, and obtained feedback by means of tones and a voice synthesizer.
Continuously-presented, amplitude-modulated flicker could produce the percept of a slow color change at f am and bursts (at intervals of 1/f am ) of high frequency flicker. We measured the thresholds for both using the method of adjustment. Data were averaged from at least four or five runs.
Flicker thresholds
To set modulation thresholds for flicker, subjects varied the modulation depth of the amplitude-modulated sinusoidal flicker until they were satisfied that the perception of flicker, which they saw as bursts of high frequency flicker, was just at threshold. Subjects could adjust the modulation up or down in steps of 0.02 or 0.10 log 10 unit using different keys. They were instructed to respond only to the high frequency flicker and to ignore any slow color change that might also be present. In some experiments, f c was manipulated, in others f am was manipulated.
To set critical flicker fusion frequencies for flicker, subjects adjusted f c with f am fixed at 0.5-Hz until the perception of flicker was just at threshold. The modulation m in all CFF measurements was set at the maximum value of 90%.
Color thresholds
To set modulation thresholds for color, subjects varied the modulation of the amplitude-modulated sinusoidal flicker until they were satisfied that the perception of a slow color change at f am was just at threshold. In this case, subjects were instructed to respond only to the slow color change, and to ignore the bursts of high frequency flicker. Again, in some experiments, f c was manipulated, while in others f am was manipulated.
To set critical color fusion frequencies for color, subjects adjusted f c with f am fixed at 0.5 Hz until the slow 0.5-Hz color change was just at threshold.
The color changes produced by amplitude-modulated flicker were subtle-particularly near-threshold, where threshold settings were difficult to make. Experienced subjects, however, were able to make precise, repeatable color threshold settings. Inexperienced subjects were less reliable, but could consistently judge the relative sensitivity to color and flicker.
Forced-choice
For the experiments in which f am was fixed at 0.5 Hz and f c manipulated, we augmented the method of adjustment with a temporal two-alternative forced-choice procedure. For DJP, whose color thresholds always lay well below his flicker modulation thresholds, the forced-choice procedure probed sensitivity to the slow color change. For AS, the forced-choice procedure probed sensitivity to the slow color change at higher temporal frequencies, and to flicker at lower temporal frequencies.
Instead of continuously-presented amplitude-modulated flicker, for the forced-choice procedure we presented a single cycle of 0.5-Hz amplitude-modulated flicker (i.e. raised-cosine-windowed flicker) in one of two alternative, 1 s intervals, and no flicker in the other interval. The intervals were delimited at their beginning and end by two different tones, and the interval within which the flicker was presented was randomly varied between trials. Following both intervals, the subject indicated which interval contained the stimulus by pressing one of two buttons. Dual randomly interleaved staircases were used. Independently on each staircase, the modulation on the next trial was raised whenever the subject made an incorrect response on the current trial and decreased whenever he made two correct responses in a row, so that the staircases converged on 70.7% correct. The stepsize was 0.05 log 10 unit. Thresholds were averaged from sixteen reversals of staircase direction (eight reversals on each of the two staircases). A 'ballpark' procedure, which was designed to provide a preliminary estimate of the threshold level, preceded data collection. This ballpark estimate was used as the starting modulation for the two forcedchoice staircases.
Presenting a single cycle of amplitude-modulated flicker, rather than continuously-presented amplitudemodulated flicker, has the effect of smearing the frequency content of the stimulus and thus of the low frequency distortion that is produced. For example, distorting a single cycle of 0.5-Hz amplitude-modulated flicker (according to the ceiling model introduced below, with the mean S-cone signal level at the level of the ceiling, see Fig. 13 , example 2) produces a band of low frequency signals ranging from 0 to 1 Hz, whereas distorting continuously-presented 0.5-Hz amplitudemodulated flicker produces discrete signals at 0 and 0.5 Hz. Such differences should have relatively little effect in experiments in which f am is fixed and f c varied, other than changing overall sensitivity.
Flicker nulls with phase adjustments
Flicker nulls were achieved by adjusting the relative phase and modulation of two superimposed flickering targets until their flicker signals canceled each other, and they appeared steady. Modulation was continuous. Two types of flicker nulls were set, as follows: 2.5.4.1. Nulling the colored distortion product. Subjects were presented, as before, with the amplitude-modulated S-cone-detected 440-nm target presented on the 620-nm background. A second 440-nm target, which was half the radiance of the first, was then superimposed and sinusoidally flickered at f am . The combined target radiance was set to the standard radiance for a single 440-nm target (see above). The addition of the second target slightly reduced the largest amplitudemodulation that could be produced. Each subject's task was to adjust the phase and modulation of the new target to cancel the slow color change produced by distortion at f am .
Subjects could advance or retard the phase of the sinusoidal flicker relative to the amplitude-modulation in steps of 2 or 10°using four different keys. Using a fifth key they also had the option of reversing the relative phase of the two stimuli by 180°. This last option proved useful for quickly finding the correct phase for cancellation. If the relative phase was close to the correct one for cancellation, the flicker percept increased markedly when the phase was reversed, whereas if it was close to 180°away from the correct one, it decreased markedly. In contrast, if the phase was 990°away from the cancellation phase, the flicker percept changed little when the phase was reversed. Subjects also adjusted the modulation of the sinusoidally flickering stimulus to complete the null. The results are averaged from ten or more settings.
Nulling the amplitude-modulated flicker.
In other experiments, we nulled amplitude-modulated Scone flicker with amplitude-modulated L-and M-cone flicker. Subjects were again presented with the S-conedetected 440-nm target presented in the center of the intense 620-nm background. A 609-nm target was superimposed on the violet target to provide L-and M-cone-detected flicker. To find the optimal relative phase and modulation for a null between the S-cone and L/M-cone flicker, we used continuously-presented sinusoidal flicker. Continuous flicker made the task much easier for the subjects, and produced settings that yielded cancellation that was as good when amplitudemodulated flicker was used. At each frequency (usually 10-40 Hz), subjects were presented with the S-cone light and the L/M-cone light. Initially, the modulation of each was approximately twice the modulation threshold and the relative phase was 180°(i.e. in opposite phase). Each subject's task was to set a flicker null by adjusting both the phase difference between the two lights and their relative modulation depths. The method that was used was similar to the one described in the previous section to cancel the distortion product. Since nulling the distortion product was carried out at low frequencies ( f am = 0.5-5 Hz), whereas nulling the amplitude-modulated flicker was done at moderate to high frequencies ( f c = 10-40 Hz), the two tasks were subjectively very different.
The reason for finding the best null between S-cone flicker and L/M-cone flicker was so that we could then present the two stimuli together, amplitude-modulated in phase at 0.5 Hz, with their carrier frequencies fixed at the optimal relative phase and modulation for flicker cancellation. To our surprise, when we did this, we found that subjects could still see the slow 0.5-Hz color change, even though they could not see the S-cone flicker, since it was nulled by L/M-cone flicker (see Fig.  10 ). Thus, by adding the canceling L/M-cone stimulus, we could null the S-cone flicker, yet still measure the sensitivity to the slow color change. This experiment is described further below (see Section 3.5).
Beat measurements
Another method can be used to probe S-cone temporal sensitivity beyond the S-cone temporal resolution limit. Stockman et al. [14] found that sub-threshold S-cone flicker of up to 40 Hz can interact with supra-threshold L-or M-cone flicker of a slightly different frequency to produce beats at the difference frequency (e.g. a 40-Hz S-cone and a 39.5-Hz L-cone stimulus will produce a 0.5-Hz beat). To allow direct comparisons with our color distortion data, we made S-cone beat-sensitivity measurements under the same stimulus conditions as used in our main experiment.
Subjects were presented with the S-cone-detected 440-nm target, and an L/M-cone-detected 640-nm target, superimposed in the center of the intense 620-nm background. Both were continuously flickeredthey were not amplitude-modulated. To measure the temporal characteristics of the S-cone beat interaction with L/M-cone stimuli, we covaried the temporal frequency of the flickering components -keeping them 0.5 Hz apart in frequency-and measured the S-cone modulation required for the beat to be just detectable. The modulation of the L/M-cone flicker was maintained slightly supra-threshold ( 0.2 log 10 unit above threshold) at all frequencies. Again, the method of adjustment was used. The beat, which was produced by the interaction between two continuously-flickering stimuli, was seen as a 0.5-Hz modulation of the amplitude of the suprathreshold L/M-cone flicker. No slow 0.5-Hz color change was seen, because the interaction between the S-and L/M-cone flicker that causes the beat occurs after the nonlinearity in the S-cone pathway (see below).
Results
Under most conditions of adaptation the TalbotPlateau law appears to hold [27, 28] but see for example [76] . It does not hold, however, under the conditions of our experiment, which were chosen to ensure that the S-cones mediate flicker detection. For three out of four subjects, we found that S-cone flicker was accompanied by a shift in the perceived target color towards yellow, even when the flicker rate was above CFF or when the flicker modulation was below threshold (see below). A change in color towards yellow (i.e. less blue) suggests that there is an apparent decrease in the time-averaged S-cone level when the light is flickered, and therefore that the nonlinearity is compressive.
Basic findings
Color and flicker modulation sensiti6ities
In the first experiment, we measured separately the thresholds for the slow color change and for the flicker bursts in four subjects. Subjects were each presented with a series of stimuli that varied in f c from 5 to 40 Hz but had a fixed f am of 0.5 Hz. At each f c , the subject's task was to adjust the flicker modulation until the slow color change at 0.5 Hz was just at threshold. Conversely, in a separate experiment, the task was to adjust the flicker modulation until the bursts of flicker also at 0.5 Hz were just at threshold.
The results for AS, CK, DJP and PW are shown in Fig. 3 . The S-cone modulation thresholds for detecting the 0.5-Hz color change are shown by the open circles and those for detecting the flicker are shown by the filled circles. The error bars are 9 1 S.E. The regions within which the Talbot-Plateau law fails (i.e. when the slow color change can be seen but the flicker cannot) have been shaded.
For AS, there is an extensive region above 20 Hz within which the slow color change can be seen, but the flicker cannot, and, beyond 30 Hz, a region within which only the color change can be seen. For DJP, who is less sensitive than AS to S-cone flicker (see also Fig.  15 ), the slow color change can be seen in the absence of flicker at all frequencies, and beyond 20 Hz only the color change can be seen. For CK, the most inexperienced subject, the flicker and color thresholds are similar at all frequencies, except for the small region above 30 Hz, where the subject consistently reported seeing color in the absence of flicker. The three shaded regions constitute violations of the Talbot-Plateau Law. Our fourth subject, PW, also saw the color change, but only in the presence of flicker. The results for these subjects show that there can be large individual differences in the sensitivities for seeing color and for seeing flicker. Consequently, some subjects, such as AS and DJP, show an impressive and unmistakable failure of the Talbot -Plateau law, while others, such as CK and PW, show a much smaller effect or no effect. In the remainder of the experiments, we concentrated on testing DJP and AS, for whom the color and flicker modulation thresholds were well separated.
Test of linearity
To be certain that the nonlinear distortion is produced entirely within the S-cone pathway, we needed to ensure that the experimental apparatus itself was free of significant distortion. We confirmed that the apparatus was linear to within 0.2% (see Section 2), but, as an additional control, we carried out the following psychophysical test, which showed that any distortion produced by the apparatus was visually insignificant.
We first measured S-cone spectral sensitivity at 440 and 470 nm for AS and DJP. Both subjects set flicker thresholds for continuously-presented, 90% modulated 1, 5 and 10-Hz flicker superimposed on the 620-nm background by adjusting the radiance of the targets. The spectral sensitivities, which were independent of frequency, were averaged. We used the mean spectral sensitivity for each subject to equate 470 and 440-nm targets for their effects on the S-cones. Using the 440-nm light, we then remeasured the thresholds for seeing the slow, 0.5 Hz color change, as before, by varying f c from 10 to up to 40 Hz with a fixed f am of 0.5 Hz (as in the previous experiment), and contemporaneously, we measured the same function using the S-coneequated 470-nm light. We found that the 440 and 470-nm functions (results not shown) roughly superimpose for AS and DJP. Subjectively, the 440 and 470-nm experiments were indistinguishable, and, importantly, the color change towards yellow coincided with the flicker bursts at both wavelengths. Thus, if the distortion originates in the experimental apparatus, its effect is similar in the two optical channels that produce the 440 and the 470-nm stimuli (conceivably, the distortion could have had opposite effects in the two optical channels, so that the distortion products canceled when the two lights were combined).
The crucial test of linearity was to combine the 440 and 470-nm lights, with their amplitude-modulation frequencies in-phase, but their sinusoidal carrier frequencies in opposite phase, and then repeat the measurements. Since the two lights are S-cone-equated, the flicker should cancel at the S-cone photoreceptor, and no flicker or color distortion should be seen whatever the form of the S-cone nonlinearity. If the distortion is produced in the experimental apparatus, however, the slow color change should still be visible. We found that the subjects were unable to detect a color change at any frequency. Thus, we conclude that the nonlinearity is in the visual system.
Color and flicker CFFs
In preliminary experiments, we found that the highest f c up to which a visible distortion signal could be seen was strongly dependent upon the radiance of the 440-nm target. Consequently, before most experiments, we carried out a pilot experiment to determine the 440-nm radiance that maximized the visibility of the distortion product. To investigate the dependence of distortion on the S-cone excitation level more formally and to determine the range of levels over which the violation of the Talbot-Plateau law is found, we carried out the following critical flicker fusion experiments, the results of which are shown in Fig. 4 .
The leftmost data set in the upper panel of Fig For brevity, we will refer to these as the color CFF and the flicker CFF, respectively. Comparable data for DJP are shown in the lower right panel of Fig. 15 . For both subjects, the color CFF function is triangular in shape, reaching a peak at 9.85 (AS) and 9.28 (DJP) log quanta s
, and falling steeply at lower and higher radiances. The flicker CFF function is similar to previous S-cone CFF measurements made with continuously-presented flicker [26, 29] : it grows roughly linearly with log radiance, in accordance with the Ferry-Porter law [30, 31] , until reaching a plateau at 23 Hz (DJP) or 29 Hz (AS), after which it saturates, before rising once again at still higher radiances.
To determine the cone types that mediate the flicker and color CFFs, we repeated the CFF measurements for AS at three additional target wavelengths: 461 nm (inverted triangles); 490 nm (squares) and 560 nm (triangles), which are also shown in the upper panel of Fig.  4 (so as not to overlap, these functions have been separated horizontally). Changing the wavelength of the target dramatically alters the shape of the flicker CFF functions. Nonetheless, we can account for all the functions by laterally displacing two shape-invariant template curves, one of which we attribute to detection by S-cones, and the other to detection by M-cones. The color CFF functions, in contrast, can be accounted for by displacing a single template curve.
We can infer the cone type that determines the CFF from the changes in sensitivity that accompany changes in the target wavelength. If the CFF functions in the upper panel are laterally shifted to compensate for changes in S-cone spectral sensitivity, those portions of the curves that then overlie are likely to be determined by the S-cones (and similarly for the M-cones). The Below, we present a simple model that can account for the shapes of both the S-cone color and flicker CFF curves.
Canceling the distortion product with real S-cone flicker
The color change that accompanies amplitude-modulated flicker can be canceled by a second S-cone-detected light that is sinusoidally-flickering at f am and adjusted appropriately in relative phase and modulation depth. The phase advance of the sinusoidal flicker required to null the color change (relative to the amplitude-modulation and sinusoidal-modulation being in opposite phase) are shown in The results for AS and DJP lie near to a phase lag of 180°(horizontal line), at which the high modulation of the amplitude-modulated flicker and the sinusoidalmodulation of the low-frequency flicker are in phase (see icons, right). Thus, the color change associated with the flicker burst is canceled by an increase in the S-cone light, a result which confirms that the nonlinearity is compressive.
The distortion signal after the nonlinearity will inherit any delays to the high frequency components that are introduced by stages before the nonlinearity. If the delays before the nonlinearity are independent of frequency (i.e. similar to a time delay, so that all frequency components are delayed by the same time), phase lags of 180°at all frequencies would be expected, since the high frequency components making up the stimulus waveform (at f c − f am , f c and f c + f am ) and the canceling low frequency sinusoids (at f am ) would be equally delayed. Yet, although the data of Fig. 5 lie roughly parallel to the abscissa, they fall on average about 20°above 180°. We are uncertain about the cause of this offset. If the delay of the high frequency components were different from the delay at lower frequencies, we would expect the phase lags to increase or decrease with frequency. An example of such a function is illustrated by the dotted line in Fig. 5 , which has a best-fitting slope of 4.5°Hz
. Such a slope suggests that, relative to any common time delay, the low frequency sinusoid is delayed by 12.5 ms more than the high frequency components.
In a separate experiment, we measured in AS similar phase lags, but as a function of f c (15 -35 Hz) for a fixed f am of 0.5 Hz. Since we found no change in the phase lag with f c , these results are not shown.
The ability to cancel the distortion product with real flicker provided a means of measuring the relation between input modulation and output distortion for the nonlinearity, a knowledge of which was required in order to estimate the frequency response after the nonlinearity (see below). Subjects were asked to null the output distortion as a function of input modulation of the amplitude-modulated flicker. An f c of 25 Hz and an f am of 0.5 Hz were used. The results for AS (top panel) and DJP (bottom panel) are shown in Fig. 6 as dotted circles. The dashed lines are the best-fitting quadratic functions. A large quadratic component is expected from most continuous or smooth compressive nonlinearities [25] . For both subjects, but more clearly for DJP, the results lie closer to a linear relationship than to a quadratic one. The solid lines, which are constrained to pass through the origin, have best-fitting linear slopes of 0.082 and 0.098 for AS and DJP, respectively. For AS, the data are better described by the dotted line, which crosses the ordinate at a canceling modulation of − 0.007 and has a linear slope of 0.098. The linear relationship between the input modulation and output distortion led us to propose the ceiling model, which is introduced in Section 4.3, below. This model can also account for the non-zero intercept found for AS.
In these experiments, the modulation of the sinusoidal flicker required to cancel the color change was too low for the canceling flicker to produce a visible distortion product.
The temporal frequency response before the nonlinearity: the early filter
We used the nonlinear distortion to probe the temporal sensitivity of the S-cone pathway both before and after the nonlinear site at which the distortion occurs. To measure the properties of the stages before the nonlinearity, we measured the subjects' sensitivity to the slow color change as a function of f c for a fixed f am of 0.5 Hz. This technique determines the temporal sensitivity of the stages before the nonlinearity, and thus provides an estimate of the early temporal filter shown in Figs. 1 and 2 . The stages after the nonlinearity can be discounted in this experiment, because, when the color threshold is lower than the flicker threshold, the later stages are always presented with the same stimulus (a threshold 0.5-Hz color change) whatever the value of f c . Consequently, the stages after the nonlinearity should not affect the measured sensitivities, which instead should depend only on the sensitivities of the stages before the nonlinearity to f c (a signal at f am is not, of course, present until after the nonlinearity).
In fact, the results of this experiment, obtained by the method of adjustment, have been shown previously for all four subjects as open circles in Fig. 3 . Although the color changes produced by S-cone distortion were clearly visible above threshold, precise threshold settings using the method of adjustment were difficult even for experienced subjects. We therefore repeated our measurements for DJP and AS using forced-choice methods. The forced-choice results are shown in Fig. 7 (dotted symbols) for AS (upper panel) and DJP (lower panel). Near-threshold, AS reported seeing color without flicker above 15 Hz, whereas DJP reported seeing color without flicker at all frequencies.
Both methods of estimating the sensitivity for detecting the slow color change produce curves with roughly similar overall shape. In forced-choice, the subject must choose which of two temporal intervals contains the color change, rather than decide whether or not the color change is visible. The forced-choice measurements are consequently less dependent on the subject's threshold criteria, and should therefore more accurately reflect the underlying temporal sensitivity function. The forced-choice results for AS and DJP are similar in The sensitivity function for detecting the color change extends to much higher frequencies than that for directly detecting flicker. The simplest explanation of this finding is that the nonlinearity is comparatively early in the S-cone pathway, so that the sensitivity measured up to the nonlinearity is less subject to transmission losses than conventional measures, which probe the sensitivity of the pathway both before and after the nonlinearity.
The temporal frequency response after the nonlinearity: the late filter
To estimate the properties of the stages after the nonlinearity, we first measured the sensitivity to the slow color change as a function of f am (0.5-5 Hz) for a fixed f c (32.5 Hz for AS and 25 Hz for DJP). Since the stimuli for each subject had the same f c , they should be equally attenuated by the early linear filter before the nonlinearity, yet produce color changes at the various order to calculate the actual sensitivity of the stages after the nonlinearity, we need to know how the slow color change after the nonlinearity (m out(am) ) depends on the stimulus modulation before the nonlinearity (m in ). The relevant functions, which were estimated by nulling the distortion product with real flicker, were shown in Fig. 6 . To calculate the temporal sensitivity beyond the nonlinear site, we assumed the fitted linear function for DJP (solid line, Fig. 6 , lower panel; m out(am) = 0.098m in ) and the fitted offset linear function for AS (dotted line, Fig. 7 , upper panel; m out(am) = 0.098m in − 0.007). The temporal sensitivities of the stages after the nonlinearity, and thus of the late temporal filter shown in Figs. 1 and 2, are shown by the open circles in Fig. 9 . The data points in Fig. 9 shown as the filled squares are modulation sensitivities for directly-detected sinusoidal S-cone flicker.
Whereas the functions denoted by the open circles reflect the assumed temporal sensitivity of stages after the nonlinearity, those denoted by the filled squares represent the temporal sensitivity of the S-cone pathway as a whole. The differences between these two functions, therefore, should reflect the temporal properties of the S-cone pathway before the nonlinearity. As can be seen in Fig. 9 , except at 0.5 and 1 Hz the two functions are very similar. At low frequencies, the directly measured temporal sensitivities exhibit a clear fall-off in sensitivity, whereas those after the nonlinearity do not. This finding suggests that the stages before the nonlinearity are bandpass. Indeed, the bandpass response is likely to be a property of the photoreceptors themselves [32] . These issues will be discussed further below (see Section 4 and Fig. 12 ).
In these experiments, the frequency content of the amplitude-modulated flicker varies with f am . For AS, it amplitude-modulation frequencies beyond the nonlinearity (see Fig. 2 ). The subjects' task, as in the previous experiment, was to vary the flicker modulation to find the threshold for the detection of the slowly changing distortion product. For AS and DJP, the sinusoidal flicker frequencies of 32.5 and 25 Hz, respectively, were above their flicker CFFs, so that flicker was never seen during this experiment. Fig. 8 shows the result of varying for AS (filled circles) and DJP (open circles). Again, the error bars are 9 1 S.E. Notice that these functions are limited to 5 5 Hz. In Fig. 8 , the sensitivity is plotted in terms of the stimulus modulation before the nonlinearity. In changes from 32 32.5 33 to 27.5 32.5 37.5 Hz; while, for DJP, it changes from 24.5 25 25.5 to 21 25 29 Hz (see Eq. 3) (the symbol represents superposition). Changing f am , therefore, changes the frequencies of the two side bands. In those frequency ranges, the assumed temporal frequency response before the nonlinearity falls by :0.028 log 10 units Hz − 1 (see Fig. 7, dotted symbols) . Thus, the early filter increases the size of the lower sideband ( f c −f am ), and decreases that of the upper one ( f c +f am ), relative to the size of f c . For DJP, the effect is no more than 1.29 and 0.77 times f c for the lower and upper sidebands, respectively, even for his highest f am of 4 Hz. For AS, the effect is larger since a higher f am of 5 Hz was used, reaching 1.38 and 0.72 times f c for the lower and upper sidebands, respectively. These relatively small changes are likely to have little effect on size of the distortion product at f am , not only because they are small, but also because they are complementary. As we point out below, a complementary increase and decrease in the two sidebands leaves the distortion signal at f am relatively unchanged (see Section 4).
Canceling the S-cone amplitude-modulated flicker with L-or M-cone flicker
For all but one subject (DJP), color threshold settings were made in the presence of suprathreshold flicker at some frequencies (see Fig. 3 ). At those frequencies, there is a concern that the visible flicker might influence the color thresholds, perhaps in a frequencydependent way, since the relative color and flicker sensitivities change with frequency.
We found that we could raise the flicker modulation threshold above the color modulation threshold by nulling the amplitude-modulated S-cone flicker with amplitude-modulated L-or M-cone flicker (which was produced by superimposing a 11.03 log quanta s
, 609-nm target on the 440-nm target). In fact, to our surprise, we found that nulling the amplitude-modulated S-cone flicker with amplitude-modulated L-or M-cone flicker canceled the perception of flicker, but had little or no effect on the visibility of the slow color change. This result is illustrated in the upper panel of In this experiment, f am , the phase of the amplitudemodulation, and f c were the same for both the S-cone and L/M-cone lights. In a preliminary experiment (see Section 2), we determined the relative phase of f c and modulation of the two lights that produced optimal flicker cancellation. The lower right panel of Fig. 10 shows the phase settings for AS that produced the best cancellation. Consistent with previous work, S-cone flicker is delayed relative to the L/M-cone flicker, and, since the best cancellation phase tends towards the S-cone flicker actually being in phase with the L/Mcone flicker at 0 Hz, is inverted in sign relative to the L/M-cone flicker [26, 33, 34] .
Following the preliminary settings, the S-and L/Mcone lights were presented together, fixed at each f c at the phase lag and modulation ratio that produced the best cancellation. The subject then adjusted the modulations of both lights together (with the modulation ratio fixed) to find the target color threshold. The results for AS are shown as dotted circles in the lower left panel of Fig. 10 . Concurrently, color thresholds (open circles) and flicker modulation thresholds (filled circles) were measured without the canceling L/M-cone flicker. The results obtained with flicker cancellation are very similar to those obtained without flicker cancellation, which suggests that suprathreshold S-cone flicker has little effect on the color threshold measurements.
The data in Fig. 10 for AS were measured about 3 years before those in Fig. 3 . While the flicker modulation thresholds are similar in sensitivity, the later color thresholds are more sensitive than the earlier ones by about 0.1 log 10 unit. Small vertical shifts in the color distortion thresholds did occur between long experimental breaks, and we assume that they were due primarily to changes in the subjects' criteria. Small uncorrected drifts in target radiance, however, may also have influenced the thresholds, since, as the CFF results of Fig. 4 show, color thresholds can be very sensitive to small changes in radiance.
Canceling the amplitude-modulated S-cone flicker with L/M-cone flicker also had little effect on the color thresholds for DJP (data not shown), although for him the color modulation thresholds were always lower than those for flicker. The immunity of the colored distortion product from the cancellation of S-cone flicker by L/M-cone flicker reveals much about the postreceptoral organization of these signals. It suggests either that the S-cone flicker is not canceled by L/Mcone flicker until after the nonlinearity (see Fig. 16 ), or that the color change is produced by a nonlinearity in a pathway that is entirely separate from the one that signals flicker at 10 Hz and above. The modeling of the color and flicker CFF data shows that the changes in flicker and color sensitivity can be accounted for by a single nonlinearity (see Fig. 15 and below), which might therefore be common.
At the threshold for seeing the slow color change, the amplitude-modulated 609-nm flickering light needed to be only a small multiple of the L/M-cone flicker modulation threshold ( 2× its threshold) to cancel the S-cone flicker. At those levels, the flickering the 609-nm light alone produced no visible color or brightness change. Only at much higher multiples of its threshold, and so in the midst of very strong flicker, did the appearance of the 609-nm light clearly begin to change, and then more in brightness than in hue.
Beat experiments
We have inferred the presence of high-frequency amplitude-modulated S-cone flicker in the early stages of the visual system from the visible products of its nonlinear distortion, even though we cannot directly perceive the flicker that generates the distortion products. The presence of an early high frequency S-cone flicker signal can also be inferred from its interaction with L/M-cone flicker. The combination of, for example, invisible 40-Hz S-cone flicker and visible 39.5-Hz L-or M-cone flicker produces a visible 0.5-Hz beating of the flicker, even though 40-Hz S-cone flicker is well above the S-cone CFF [14] . Subjectively, the beat is quite unlike the colored distortion product. It is seen as a slow waxing and waning of flicker, rather than as a slow change in color.
The open diamonds in Fig. 11 , below, are the S-cone flicker modulation thresholds for detecting a beat with an L/M-cone stimulus, which was 0.5-Hz different in frequency and was just above flicker modulation threshold (see Section 2). At higher frequencies, the combined beat (open diamonds) and flicker (filled and open squares) sensitivity functions fall approximately twice as steeply with frequency as the distortion sensitivity functions (filled circles). The difference in slope is consistent with the idea that the distortion measurements, but not the flicker or beat measurements, avoid stages of sensitivity loss after the nonlinearity. The agreement between the slopes of the flicker and beat sensitivity curves in the ranges over which they overlap suggests that both are subject to similar sources of sensitivity loss. It may seem surprising that both the flicker and beat sensitivity curves should be subject to the same sensitivity losses. However, the S-cone beat sensitivity depends not only on the transmission of the S-cone flicker signal as far as the site at which the S-cone and L/M-cone flicker signals combine, but also on its transmission (along with the suprathreshold L/ M-cone signal) in the common S-and L/M-cone pathway.
Discussion
We find a clear failure of the Talbot-Plateau Law for S-cone detected flicker, which is caused by distortion at a nonlinearity early in the S-cone pathway. We have used the distortion to measure separately the dynamics of the S-cone pathway before and after the nonlinear site.
The temporal properties of the S-cone pathway dissected
We now combine the various modulation sensitivity functions: (1) before the nonlinearity; (2) after the nonlinearity; and (3) as a whole. If we know two of the functions, we can, in principle, infer the third from the difference between them [24] . Fig. 11 shows the functions for AS (top panel) and DJP (bottom panel). We use a log frequency scale, since it is perhaps more familiar than the linear frequency scale that we have used so far. The various functions have been shifted vertically either for clarity or to align with each other. The true vertical positions are noted in the text or can be found by referring back to the original plots of each function.
The temporal properties assumed to apply to the S-cone pathway as a whole are shown by the combination of the open diamonds, open squares and filled squares. The open diamonds are the beat sensitivities, which are correctly positioned with respect to the ordinate. The filled squares, which are the thresholds for detecting amplitude-modulated flicker as bursts of flicker (from Fig. 7, filled circles) , and the open squares, which are the thresholds for continuously-presented sinusoidal flicker (from Fig. 9 , open squares, with additional high frequency data), have been aligned with the open diamonds and with each other. In the regions of overlap, the three sets of data align well with one another to form the continuous function-the lowest of the three in the left and bottom panels.
The assumed temporal properties of the S-cone pathway before the nonlinearity are shown by the filled and open circles. The filled circles are the forced-choice thresholds for detecting the color change (from Fig. 7,  dotted circles) . The open circles are the differences between the thresholds assumed to apply after the nonlinearity (2) and those assumed to apply to the whole pathway (3).
The assumed temporal properties after the nonlinearity are shown by the filled and open triangles. The open triangles are the color thresholds modified according to the relationship between input modulation and output distortion for the nonlinearity (from Fig. 9 , open circles). The filled triangles are the difference between the thresholds assumed to apply to the whole pathway (3) and those assumed to apply before the nonlinearity (1).
The vertical positions of the open circles and open triangles relative to the filled circles and filled triangles are inevitably somewhat speculative, since their frequency ranges do not overlap. One constraint, which is perhaps not obvious in the figure since the functions have been vertically separated for clarity, is that for both halves the sensitivities (1) plus (2) should equal (3). The relative positions were initially chosen so that the circles and triangles form nearly continuous func- [37] and smoothed according to their empirical formula, and with photovoltage recordings from a macaque L-cone (dotted lines) [39] . The photovoltage trace in the both upper panels is the fastest trace of Fig. 3B in ref. [39] , which was obtained at the highest flash intensity. Bottom panels: log 10 temporal modulation sensitivities before the nonlinearity (open circles) and the temporal modulation sensitivities for the S-cone pathway as a whole (filled circles; derived from the combined flicker, flicker burst and beat detection data shown in Fig. 11 ) as a function of flicker rate. The results are shown with amplitude spectra obtained from the Fourier transform of the suction electrode recordings (dashed lines), and photovoltage recordings (dotted lines) plotted in the corresponding upper panels. The solid lines fitted to the temporal modulation sensitivities (open circles) and extrapolated beyond the data are the continuous functions that were used to calculate the corresponding photoreceptor responses in the upper panels (see text for details). We note that since the pulses used to measure the photocurrent and photovoltage recordings were 10 ms in duration, the Fourier transforms shown in the lower panels are an approximation.
tions, but our final choice was also influenced by the analysis illustrated in Fig. 12 .
Before the nonlinearity, the function is bandpass for both subjects, peaking between 4 and 10 Hz. The loss of sensitivity at 0.5 Hz relative to the peak is a factor of about two for both subjects. At higher frequencies, the loss of sensitivity with frequency before the nonlinearity is much shallower than for the S-cone pathway as a whole. After the nonlinearity, the function is low-pass for both subjects. There is a discontinuity for both subjects in the inferred function (filled triangles) at 15 Hz. This discontinuity may be an artifact, especially for AS, since it occurs at frequencies at which both color and flicker can be seen in the forced-choice measurements. The temporal sensitivity of the S-cone pathway as a whole is also slightly bandpass for both subjects, peaking at 2 Hz. For both subjects, the slope of the sensitivity fall-off with frequency undulates slightly, showing a minimum in slope near 10 Hz, which may indicate the presence of two pathways.
Implicit in the above discussion is the assumption of a single S-cone pathway. An alternative possibility is that there are two pathways (see Fig. 16 ): one that that is more sensitive at low frequencies and transmits the colored low frequency flicker and the low frequency distortion product, which can cancel each other; and a second that is more sensitive at high frequencies and transmits the achromatic flicker, which can be flicker photometrically canceled by L/M-cone flicker [26] . A dual pathway model would imply that the low-frequency portions of curves (3) and (2) in Fig. 11 apply to the pathway more sensitive at low frequencies, whereas the high frequency portions of (3) and (2) apply instead to the one more sensitive at high frequencies. Given that the nonlinearity is common to both pathways (see below), the interpretation of the curves before the nonlinearity (1) is unaffected.
The early frequency response and the photoreceptor
The shallowness of the temporal modulation sensitivity function measured before the nonlinearity suggests that the nonlinearity precedes stages that selectively reduce high frequency sensitivity. The nonlinear site is therefore likely to be relatively early in the S-cone pathway. Other evidence, such as the immunity of the distortion product to cancellation by L-or M-cone flicker, and physiological data (see Section 4.6) suggest that the nonlinearity is retinal. If the nonlinear site is only a few synapses into the visual system, then the S-cone temporal sensitivity measured before the nonlinearity may closely resemble that of the S-cone photoreceptors.
The temporal modulation sensitivities measured before the nonlinearity provide an estimate of the amplitude of the early S-cone response as a function of frequency. We would like to compare these data with photoreceptor recordings, but typically such recordings measure the photoreceptor's response to a brief pulse of light measured as a function of the time following the pulse. The photoreceptor responses are in the temporal domain, whereas our data are in the frequency domain. It is straightforward to transform data from the frequency domain to the time domain using an inverse Fourier transform, and vice versa using a Fourier transform. However, a complete characterization of the temporal properties of a system in the frequency domain requires a knowledge of the phase of the response at each frequency, as well as its amplitude.
Unfortunately, our psychophysical experiments thus far reveal no information about phase, so that we must make assumptions. We have made the usual assumption that the system before the nonlinearity is a 'minimum phase' system. Using standard formulae, we can then calculate the phase from the amplitude data (for further details see refs. [35, 36] ), and, finally, by an inverse Fourier transform, calculate the photoreceptor response. The estimates of the photoreceptor responses based on the minimum phase assumption are shown by the solid lines in Fig. 12 for AS (upper left panel) and DJP (upper right panel). The actual frequency responses from which they were derived are the continuous functions shown in the lower left panel for AS and lower right panel for DJP (solid lines), which are functions that were fitted to the modulation sensitivity data and extrapolated to lower and higher frequencies. The extrapolations were necessary, because, although the calculation of minimum phase at any given frequency depends mainly on the change in amplitude at that frequency, it depends also -with a weight that decreases rapidly away from the frequency of intereston the changes in amplitude at neighboring frequencies. We needed, therefore, to predict the amplitudes outside the range of our measurements. We assumed that the high frequency slope gradually reached and then maintained a logarithmic slope of − 3 (the next highest negative integer slope for the data of both subjects) and that at low frequencies the slope was + 0.33. The low frequency extrapolation affects mainly the late slightly negative lobe of the response, while the high frequency one affects mainly the early part of the photoreceptor response.
Initially, we compared our psychophysical results with the photocurrent response of an isolated macaque S-cone to a 10-ms flash of light [37] . The two upper panels of Fig. 12 show the S-cone photocurrent response (dashed lines), simplified according to Schnapf et al. [37] . The S-cone response as a function of frequency can be estimated from the Fourier transform of the current recording, which is shown as the dashed lines in the lower panels of Fig. 12 . The functions derived from the suction electrode recordings fall much more steeply with frequency than the function measured before the nonlinearity (open circles). Indeed, the derived function is even steeper than the psychophysical function averaged from flicker and beat modulation sensitivity measurements (filled circles), which is assumed to reflect the sensitivity of the whole S-cone pathway. The differences between the psychophysical and photocurrent responses shown in the upper and lower panels of Fig. 12 question the usefulness of current recordings as a way of measuring the photoreceptor response that is transmitted to the later stages of the visual system. It might be argued that the differences between the current recordings and our measurements arise because different adaptation levels were used, but current and ERG recordings suggest that the photoreceptor response changes little with light adaptation until high intensity levels [37, 38] , much higher than the S-cone intensity levels used here.
Recent photovoltage recordings of macaque M-and L-cone photoreceptors are much more transient than the photocurrent recordings, having times to peak of between 10 to 35 ms [39] , which are in agreement with the estimates of 13-14 ms for our subjects (see Fig. 12 ). For comparison, a photovoltage record from Schneeweis and Schnapf [39] is shown in each of the upper panels of Fig. 14 (dotted lines) : it is the fastest of the five responses of a macaque L-cone to 10-ms flashes of 660-nm light. We chose this response because its time to peak agrees best with the response inferred from psychophysics. Yet, though the rising phase of the response, and the time to peak, agree well with the estimated responses for AS and DJP, the falling phase is much more sluggish than those suggested by psychophysics. If elements after the photoreceptor temporally sharpen the visual response by turning off more quickly than the photoreceptor, then both the photovoltage and psychophysical estimates could be correct, but for dif-ferent stages of the visual pathway (a similar argument could be invoked to account for sluggishness of the photoreceptor current responses).
By contrasting photovoltage responses to 500 and 660-nm flashes, however, Schneeweis and Schnapf [39] showed that cone responses to 500-nm flashes are contaminated by rods. In fact, the cone responses to 660-nm flashes, such as those shown in Fig. 14 , are probably also rod-contaminated 1 . Consequently, the sluggish falling phase of the photovoltage responses, and the differences between the photovoltage and psychophysical estimates of the photoreceptor response shown in Fig. 12 may be due to rods. We have the advantage in our experiments that the orange background, which is 3.71 log scotopic td, is rod saturating. Thus, our measurements should reflect responses only from cones.
Chen and Makous [21] also used nonlinear distortion to measure the temporal sensitivity of the early stages of the visual system. They took advantage of a nonlinear interaction between two high-spatial-frequency laser interference gratings of the same frequency, but slightly different orientations, the distortion of which produced a low-frequency sinusoidal grating that was perpendicular to the high frequency ones. By drifting both highfrequency gratings together in a direction parallel to the low frequency one, they could temporally modulate the stages before the nonlinearity without modulating the distortion grating. They were thus able to probe the temporal sensitivity of the stages before the nonlinearity by measuring the sensitivity to the low-frequency distortion grating as a function of the drift rate of the two high frequency gratings. While it is likely that the nonlinearity probed in our experiments is different from the one probed by Chen and Makous [21] , both our study and theirs found early temporal frequency responses that extend to high frequencies with a relatively shallow decline in sensitivity with increasing frequency. However, the high frequency slope that they found is only − 1 in log-log coordinates, whereas the one that we found is roughly −3. If the Chen and Makous data truly reflect the photoreceptor response, then the steeper slope found in our data must be due to stages intervening between the photoreceptor and the nonlinear site. However, unlike our data, their data are difficult to reconcile with measured photoreceptor responses.
Chen et al. [24] have reported evidence that signals from different cones interact before reaching the nonlinear stage that distorts L-and M-cone detected interference patterns. Though, as we have already argued, the nonlinear stage revealed in such experiments is unlikely to be the same as the one studied here, we must, since we have no clear evidence to the contrary, leave open the possibility that the S-cone temporal frequency response prior to the S-cone nonlinearity reflects interactions between more than one photoreceptor.
Burns and Elsner [40] took advantage of an early nonlinearity revealed in the electroretinogram (ERG) to measure the temporal frequency response of the early visual pathway electrophysiologically. The form of the frequency responses before the ERG nonlinearity [40] and before the S-cone nonlinearity (Fig. 12) are similar. Not surprisingly, however, since their measurements do not depend on visible signals, the ERG frequency response extends to higher frequencies than the psychophysical one. It also shows slightly less low-frequency sensitivity loss.
A ceiling model
Initially, we assumed that the compressive nonlinearity was a smooth or 'soft' function, such as a logarithmic or power function (i.e. a continuous, differentiable function). Since the most significant nonlinear term in the Taylor's series expansions of such functions is quadratic [25] , we expected that the function relating input modulation to the output distortion would be roughly quadratic. Our finding that this function was closer to linear (see Fig. 6 ) suggested that the nonlinearity might be a 'hard' one; i.e. one with an abrupt change in its input-output function, such as a full-wave rectifier [25] . One type of hard nonlinearity that produces a linear relationship between input modulation and output distortion is a saturating one that is linear at low input levels, but at high levels reaches a fixed ceiling, beyond which the output signal remains fixed at the ceiling level. Such a nonlinearity can account for many of the features of our data. Fig. 13 shows a nonlinearity with a linear input-output function at low input levels, but a fixed output (ceiling) at high input levels. In our model, we assume that the mean S-cone level approaches and exceeds the ceiling level as the S-cone adaptation level is increased. In Fig. 13 , we have simulated increases in the mean S-cone level by shifting the nonlinearity to the right. As the mean S-cone level rises, the amplitude-modulated input signal is clipped at lower and lower levels. Four instances are shown in Fig. 13 : with the mean S-cone level at (1) 50, (2) 75, (3) 100 and (4) 125% of the ceiling level of 100%. Using MathCad (MathSoft, Cambridge, MA), we calculated the effect of varying the mean 1 Using their estimate that 660-nm flashes must be 4574 times more radiant than the 500-nm ones to be equivalent for rods [39] , we calculated that the five 660-nm flashes used to obtain the records of Fig. 3(B) are scotopically equivalent to 500-nm flashes with flash densities of between 1.79 ×10 0 and 1.80 × 10 2 log quanta mm − 2 . Since Schneeweis and Schnapf used 500-nm flash densities of between 5 × 10 0 and 2.30 ×10 3 log quanta mm − 2 to obtain the nine rod responses [39] , we can conclude that the higher 660-nm flash densities used to stimulate cones are also potent rod stimuli.
S-cone level and the percentage modulation on the relative amplitudes after the nonlinearity of (1) the combined higher frequency sinusoidal components f c − f am f c f c + f am (i.e. the same components that were present in the input signal), which remain in the ratio 0.25:0.5:0.25 to produce, in the midst of other frequency components, an amplitude-modulated signal at the output; (2) the low-frequency distortion signal at f am (Fig. 14, upper right) ; and (3) the low-frequency distortion signal at twice f am (Fig. 14, bottom) (distortion signals at higher multiples of f am become increasingly insignificant). The mean S-cone level is given as a percentage of the ceiling level. The output amplitudes in Fig. 14 are plotted relative to the maximum amplitude of the amplitude-modulated signal at the input. Distortion products are also produced at twice f c −f am , f c and f c + f am , but since they are smaller than the original frequency components, and more attenuated by the late filter after the nonlinearity (see Fig. 11 ), they should be visually unimportant in these experiments. We assume that at mean S-cone levels of 50% or less of the ceiling level, flicker signals are unaffected by the ceiling, even at 100% modulation.
Four features of Fig. 14 are of interest. First, the low-frequency distortion (upper right panel) reaches a maximum at a mean S-cone level of 100% and falls off symmetrically at lower and higher levels. In cross-section, this triangular function resembles the rise and fall of the color CFFs for AS and DJP (see Fig. 15 ). In contrast, the relative amplitude of the high frequency signal falls continuously as the mean S-cone level increases at all modulation levels (upper left panel). Second, the relative amplitudes of the high frequency signal (upper left panel) are linearly related to percentage modulation only at mean S-cone levels of 50 and 100%. At other levels, the growth is nonlinear. This behavior is discussed in the next section. Third, when the relative amplitudes of the low-frequency distortion signal (upper right panel) increase, they do so linearly with percentage modulation. However, the distortion only occurs when the modulation of the input signal (which is always assumed to be around the mean) is either: (1) large enough to reach the ceiling for mean S-cone levels B 100% (left slope) or (2) large enough to fall below the ceiling for mean S-cone levels \ 100% (right slope). With the exception of the mean S-cone level of 100%, the linear increase is therefore preceded by region of zero slope. Fourth, distortion at twice f am is absent at a mean S-cone level of 100% (bottom panel), but grows symmetrically at higher and lower levels before falling to zero again at 50 and 150%. In our experimental work, we did not see a clear distortion signal at twice f am , which suggests, if the ceiling model is correct, that we were working mainly near a mean S-cone level of 100% (i.e. with the mean level coinciding with the ceiling). Given that the greatest distortion at f am is found at the 100% level (see Fig. 14 , upper right panel), and that we optimized the 440-nm radiance to maximize the distortion, we are indeed likely to have been working near that level.
The plot shown in the upper right panel of Fig. 14 can help to explain the small differences between the experimental input modulation versus output distortion functions for DJP and AS (see Fig. 6 ). The linear function for DJP, which passes through the origin, suggests that the mean S-cone level for him was 100%. In contrast, the best-fitting linear function for AS, which crosses that abscissa at an amplitude-modulation of 0.08 (see Fig. 6 ), suggests that the mean S-cone level for him was either 97 or 100% (both of which produce the same function).
If the mean S-cone level is allowed to increase with increasing S-cone adaptation, thus causing a saturation of the S-cone response as it approaches and exceeds the ceiling level, the model can also account for the color (open circles) and flicker (filled circles) CFF data, which are shown in Fig. 15 for AS (lower left panel) and for DJP (lower right panel). The upper panels of Fig. 15 plot the mean S-cone level (dashed lines) plotted as a percentage of the maximum, ceiling level (solid lines).
The flicker and color CFF predictions of the model are shown as the solid and dashed lines, respectively, in the lower panels of Fig. 15 . We emphasize, however, that this model is provided mainly as a demonstration that both the flicker and the color CFFs can be accounted for by a common mechanism. The details are speculative. Fig. 13 . The effect of passing amplitude-modulated sinusoidal flicker (input signal) with different mean levels through a nonlinearity with a linear input -output function at low inputs, but a fixed ceiling at high inputs (1 -4) . Changes in mean level are simulated by shifting the nonlinearity laterally: mean levels of (1) 50, (2) 75, (3) 100 and (4) 125% of the ceiling level of 100% are shown. The details of the model are as follows: (1) The relative amplitudes of the high-frequency carrier at f c and the low-frequency distortion at f am are assumed to vary with the mean S-cone level according to the calculated values shown in the upper panels of Fig. 14 . For CFF measurements, which are carried out at maximum modulation, the relevant values are those on the rearmost planes of the graphs in Fig. 14. (The steady intense orange background has a small direct effect on the S-cones, and thus slightly reduces the S-cone modulation as the radiance of the violet target is decreased. We ignore this small effect.) (2) For simplicity, we assume that the mean S-cone level grows linearly with log radiance, as indicated in the upper panels of both figures. The slopes and intercepts of the function relating log radiance to ceiling level were chosen so that , before which it is 50%, the mean S-cone level is assumed to rise by 22.22% (AS) or 26.04% (DJP) per log 10 unit. (3) To fit the model to the color CFF data, we also scaled the relative amplitudes of the low frequency distortion at f am (see Fig. 14 , upper right graph) by 134 for AS and by 128 for DJP to produce the functions shown by the dashed lines in the lower panels of Fig. 15 . For simplicity, but also because its effects are difficult to predict, we ignored distortion at twice f am (see Fig. 14, bottom panel) . (4) The reduction in flicker CFF at each radiance can be estimated from the assumed reduction in the relative amplitude due to the fall in the relative ceiling level (see Fig. 14 , upper left graph), and from the slope of the modulation sensitivity functions (see Fig. 3, open circles) . The slopes of the latter at high frequencies are 0.04 log 10 units Hz − 1 for AS and 0.02 log 10 units Hz − 1 for DJP. We assume that the reduction in flicker CFF in Hz is the logarithmic reduction in amplitude at each radiance divided by the above slopes in log units per Hz. The reductions are the differences between the dotted lines and solid lines in the lower panels of Fig. 15 . (5) We assume that the underlying flicker CFF, from which we calculated the actual flicker CFF (continuous lines, lower panels Fig.  15 ) -as described in (4), has the form shown by the dotted lines in the lower panels of Fig. 15 . The function is identical for both subjects. Though largely speculative, the function has a shape typical of many previously measured CFF functions [41] [42] [43] [44] . It grows as a linear function of log radiance, in accordance with the Ferry-Porter law [30, 31] , with a slope of 9.7 Hz per log 10 unit, falling off only at high radiances. The fall-off is needed to account only for the data for AS.
This simple model provides a good account of both the flicker and the color CFF data, which suggests that both the flicker saturation and the colored distortion are produced at a single common nonlinearity. An alternative model, which is inconsistent with our data, is one in which the nonlinearity is in a pathway that is entirely separate from the one that determines flicker sensitivity. The model illustrated in Fig. 16 , shows, therefore, a single nonlinearity in the S-cone pathway.
Saturation in the S-cone pathway is also found with flashed S-cone targets presented on mixed violet and yellow adapting fields [45] . The effect reported by Mollon and Polden is almost certainly the same as the saturation reported here, since it occurs under comparable short-and long-wavelength adaptation conditions. Like the saturation in the CFF, the saturation in the threshold versus increment curves of Mollon and Polden [45] are consistent with the S-cone signal reaching a ceiling as the S-cone excitation increases.
Using a nulling procedure, Kelly [25] also estimated the input modulation versus output distortion relation-ship for the nonlinearity that produces the apparent spatial frequency doubling of gratings of low spatial frequency and high temporal frequency. He measured the modulation of a real sinusoidal grating of twice the frequency of the original stimulus that was required to null the frequency-doubled component as a function of the modulation of the original low frequency sinusoid. Instead of the expected quadratic relationship, he found a power function with an exponent of less than one. To explain his result, Kelly proposed that the underlying nonlinearity was a full-wave rectifier, followed by a compressive nonlinearity. A full-wave rectifier, like a mean S-cone level that coincides with the ceiling level (which is equivalent to an inverted half-wave rectifier), produces a linear relationship between the input modulation and the output distortion.
S-cone postreceptoral pathways
Vision mediated by the S-cones is generally assumed to be more limited than vision mediated by the other cones in both the spatial and the temporal domains. In the temporal domain, however, it has become clear that the limitations are less severe than was previously thought. Rather than having a temporal frequency response that is predominantly lowpass with a steep fall-off in sensitivity at high frequencies [46, 47] , the S-cone response can be bandpass with a shallow fall-off in sensitivity that is similar to the L-and M-cone responses under comparable conditions [14, 26, 48] . The restricted temporal properties, as well as the colored appearance of S-cone flicker, have led many researchers to conclude that the S-cone signal is confined to the sluggish visual pathways that carry chromatic information, and is excluded from the faster luminance pathways [49] [50] [51] [52] [53] [54] [55] . A defining property of the luminance pathway is that its signals can be flicker photometrically nulled, whatever the stimulus that produces them. The demonstration that S-cones can flicker-photometrically cancel flicker signals generated by the L-or Mcones suggests that the S-cones have an input to the luminance channel [26, 33] .
The results presented here could be consistent with single or dual S-cone pathway. A single S-cone pathway, however, would have to generate an achromatic flicker percept at high frequencies, which can be nulled by L-or M-cone flicker, and a slow color change at low frequencies produced either by the distortion of amplitude-modulated flicker at the nonlinearity or by low frequency flicker. Such a scheme is illustrated in Fig.  16 . The finding that L/M-cone flicker can null the S-cone flicker, without affecting the S-cone distortion product (see above), suggests that the cancellation of S-cone flicker by L/M-cone flicker must occur after the nonlinearity, as shown in Fig. 16 . The negative sign at the site of combination reflects the inverted sign implied by the phase data of Fig. 10 .
Alternatively, two S-cone pathways could bifurcate after the common nonlinearity. One pathway, which generates the achromatic percept, joins with the L-and M-cone pathways as before. The other pathway, which signals the slow color change, avoids this site. The dual channel alternative is indicated by the dashed line in the upper right corner of Fig. 16 . These two channels could be entirely distinct, passing through separate nonlinearities. We know, however, from the modeling of the CFF data that the two nonlinearities have the same or similar properties. The main evidence for a duality in the present work is the subjective difference in the appearance of low and high frequency flicker. Earlier evidence comes from the masking experiments of Stockman et al. [26] .
Since our flicker cancellation and distortion experiments did not extend below an f c of 10 Hz, we have limited information about low frequency inputs from other cones (attempts to cancel low frequency S-cone flicker with L/M-cone flicker, for example, were unsuccessful, mainly because the low frequency L/M-cone flicker is itself chromatic). The connection, labeled in Fig. 16 between the M-and L-cones and the S-cones before the nonlinearity, indicates the possibility that there may be L/M-cone inputs before the nonlinearity, into a common gain control, where they may influence the relative ceiling level. Indeed, such inputs may oppose the effects of the S-cone signal at the gain control. The immunity of the distortion product to L/M-cone flicker, suggests that any gain control before the nonlinearity must be sluggish, and unable to follow frequencies \10 Hz. The early gain control may be multiplicative, or, as suggested in a recent review article, subtractive [56] . With a spectrally-opponent gain control before the nonlinearity, the early part of the model shown in Fig.  16 is comparable to the model of Pugh and Mollon [57] . They proposed a two-site model of sensitivity control in the S-cone pathway, in which the gain at the first site is controlled by the S-cones, and the gain at the second site is controlled by the difference between S-cone and L-and M-cone signals. Thus, the S-cone pathway can become saturated when the second site is polarized either in the blue (S) direction or in the yellow (L + M) direction. Our data and model reflect saturation in the blue direction.
It is likely that varying the radiance of the orange background would, by changing the M-and L-cone excitations, alter the gain at the second site, and so alter the mean S-cone level and the target radiances at which clipping occurs. Since we did not manipulate the radiance of the orange background, which had to be kept at a high level to maintain S-cone isolation at high temporal frequencies, we have no evidence about such effects. There is, of course, ample evidence for an Mand L-cone influence on S-cone sensitivity [58, 59] .
Some implications of the response ceiling model
Effect on the shape of temporal sensiti6ity functions
As well as decreasing overall sensitivity, a ceiling can distort the shapes of temporal (and spatial) modulation sensitivity functions measured with sinusoidal flicker. The changes occur because, except at mean S-cone levels of 50, 100 and 150% of the ceiling level, clipping produces a nonlinear relationship between the input modulation and the relative output amplitude at the same frequency as the input signal (see Fig. 14 , upper left panel). Between levels of 50 and 100%, the slopes of the input-output functions are steeper at low modulations than at high. Sensitivity functions with threshold modulations that span these changes in slope will therefore be distorted, with modulation thresholds falling above the change in slope being lowered relative to those falling below it. Given that modulation thresholds typically increase with frequency, the primary effect on temporal sensitivity curves will be to steepen the fall-off in modulation sensitivity with frequency. Between mean S-cone levels of 100 and 150%, the slope of the inputoutput functions is zero at low modulations. For these levels, low modulation thresholds will be lowered relative to high ones, so that the flicker sensitivity functions will be squashed or flattened.
Previous S-cone temporal modulation sensitivity measurements may show the effects of such a response ceiling. Wisowaty and Boynton [47] measured S-cone modulation sensitivities using two isolation techniques: (1) an intense yellow background to adapt selectively the M-and L-cones and (2) a target substitution that was invisible (silent) to the M-and L-cones, but not to the S-cones. With the silent substitution method, the subjects were more sensitive overall and showed a more shallow fall-off in sensitivity at higher frequencies than with the selective adaptation method. We can explain these differences in terms of the ceiling model, if we suppose that the mean S-cone level was between 50 and 100% of the ceiling level when the yellow background was present, but was at 50% (or lower) when, in the silent substitution method, the yellow background was absent. Such an explanation requires that the intense long-wavelength background affects the ceiling level through its action on the M-and L-cones, as discussed above.
At a mean S-cone level of 100% of the ceiling level, the slope of the input-output function is linear (see Fig. 14, upper left panel) . Since our measurements are likely to have been carried upperout at a mean S-cone level of 100 9 3% (see above), they should be relatively unaffected by the types of distortion found at other ceiling levels.
Distortion at low frequencies
We have been mainly concerned with distortion produced by flicker at frequencies of 10 Hz and above. Near threshold, flicker at lower frequencies produced little visible distortion, presumably because the threshold modulation was well below the response ceiling. If the threshold is artificially raised, however, low frequency stimuli will produce visible distortion near threshold (at 0 Hz and at multiples of the stimulus frequency). Such a situation occurs in the low-frequency flicker masking experiments of Stockman et al. [26] , who presented 1-10-Hz S-cone flicker in the midst of 17-Hz L/M-cone masking flicker and asked subjects to set the threshold for seeing a low-frequency color change. As confirmed in a replication of their experiment, at high modulations a steady yellow distortion product (at 0 Hz) is seen in addition to any low frequency color change that might be present. This distortion almost certainly affected the thresholds for seeing the low frequency color change, particularly since both the distortion and the color change are probably signaled by a common pathway.
Clipping may obscure any decline in sensiti6ity at low frequencies
Clipping a signal produces distortion at even harmonics of the input frequency. For a mean S-cone level of 100% of the ceiling level, for example, the amplitude of the second harmonic is 0.37 log 10 units less than the first. Threshold measurements that use moderate to high frequency flicker should be unaffected by this second harmonic, since subjects are typically much less sensitive to the second harmonic than they are to the first. If, however, the underlying temporal sensitivity is [60] . The human and monkey data, which were obtained with 440 and 456-nm targets, respectively, have not been corrected for differences in prereceptoral filtering or in relative cone spectral sensitivity between human and macaque. The monkey data of Zrenner and Gouras [60] were transformed from log quanta s − 1 mm − 2 to log quanta s − 1 deg − 1 by the assumption that 210 mm corresponds to 1°of visual angle (from the Retina Reference -see Acknowledgments).
bandpass or highpass, so that the low frequency sensitivity falls with decreasing frequency, the presence of a second harmonic may cause the low frequency fall-off to be underestimated.
Limited strength of the S-cone luminance input
S-cone flicker can flicker photometrically null L-and M-cone flicker only when the L/M-cone flicker is nearthreshold. If the L-or M-cone flicker is raised to more than about four times threshold, the S-cone flicker signal can no longer null the L/M-cone flicker signal [26] . The limited strength of the S-cone signal can also be explained in terms of the ceiling model (see Fig. 14,  upper left panel) . First, at any given S-cone target radiance, the ceiling limits the maximum S-cone signal that can be produced by raising the modulation. Second, raising the radiance of the S-cone light, increases the mean S-cone signal relative to the ceiling level, and so decreases the S-cone signal after the nonlinearity.
Amplitude-modulation and side bands
As noted above, in the experiments in which f am was varied from 0.5 to 5 Hz and f c was fixed at 32.5 Hz (AS) or 25 Hz (DJP), changing f am changes the frequencies of the two sidebands. As we pointed out above, since the assumed temporal frequency response before the nonlinearity is relatively shallow, changing sideband frequencies has a relatively small effect on their attenuation before the nonlinearity. Moreover, for a mean S-cone level of 100% of the ceiling level, we calculate that small increases in the amplitude of the lower frequency sideband coupled with complementary decreases in that of the higher frequency sideband should have no effect on the size of the distortion at f am . Complementary changes are expected because the log 10 sensitivity functions fall approximately linearly with frequency in the region of f c (see Fig. 7 ). Fig. 17 shows an S-cone flicker CFF curve measured by Zrenner and Gouras [60] in a macaque blue-on retinal ganglion cell (diamonds), which appears remarkably similar in form to the flicker CFF curves for AS (open circles) and DJP (filled circles). The monkey data were obtained under comparable conditions to the human data (with a 456 nm target presented on an intense orange background). Although the monkey CFF data reach higher frequencies ( 39 Hz), the overall shape of the monkey ganglion cell and human CFF data are strikingly similar: both rise steadily with log target radiance to reach a plateau, before falling at higher radiances. Even the higher CFF for the cell is not surprising, since we know from the beat and distortion experiments (see above) that the early human S-cone pathway can detect frequencies as high as 40 Hz. This similarity between the human data and monkey ganglion cell data provides compelling evidence that the nonlinearity is at or before the ganglion cells, and therefore retinal.
Physiological and anatomical considerations
Twenty-one of the 22 blue-on ganglion cells measured by Zrenner and Gouras had coextensive S-cone ON fields in opposition to L-and M-cone OFF fields. These cells have since been identified anatomically as the small, bistratified blue-on ganglion cell type by Dacey and Lee [61] . They give sustained on-responses to S-cone stimulation, and clear off-responses to stimulation by long-wavelength lights [60, 61] . The pathway from the S-cones to the blue ON bipolar cells [62, 63] to the bistratified blue ON ganglion cell may be the primary S-cone pathway. Indeed, the S-cones in the central retina of the macaque may be invaginated exclusively by blue ON bipolar cells [64] .
The bistratified blue ON ganglion cell fulfills the requirement that the nonlinearity must precede the combination of S-cone and L/M-cone flicker, since there is already evidence of the effects of a response ceiling in the CFF data for the cell (see Fig. 17 ). Moreover, as in the cell, the S-cone and L/M-cone flicker signals are opposed under the conditions of our experiment (see Fig. 11 , right panel and ref. [26] ). Thus, the bistratified blue ON ganglion cell might be a candidate for the retinal site at which the S-cone and L-and M-cone signals cancel each other (see Fig. 16 ). There are two objections to this simple correspondence, however. First, the relatively weak and sluggish S-cone flicker signal that nulls the L-and M-cone flicker signals seems more likely to be an OFF signal (and the L/M-cone signals ON) than an ON signal, since it is inverted in sign (see Fig. 11, right panel) . Second, for the blue ON ganglion cell to be the site of flicker cancellation, the L-and M-cone flicker signals must be exclusively transmitted through the blue ON ganglion cells under the conditions of our experiment, since signals transmitted through other ganglion cells would remain uncanceled.
Another objection to the bistratified blue ON ganglion cell being the site of flicker cancellation is that the S-cone flicker signal under these conditions behaves in several respects like a luminance signal (see above). The contribution to flicker photometry, for instance, is not generally thought to be a property of signals in parvocellular chromatic pathways, though there is little direct evidence to support this view. Recent evidence, however, suggests that the blue ON ganglion cells actually project to the intralaminar layers of the LGN, rather than to the parvocellular layers [65] .
Perhaps the blue ON ganglion cell forms part of the S-cone pathway that signals color (and is more sensitive at low frequencies), while others cells provide a separate pathway for achromatic flicker (see Fig. 16 ). There are other pathways available to the S-cone signals, which contact not only the invaginating blue-cone bipolar cell, but also other bipolar cells [63] . In addition to the bistratified blue ON ganglion, there is some evidence for blue OFF ganglion cells in rhesus [66] and macaque [67] monkeys. Moreover, by way of H2 and perhaps H1 horizontal cells (see below), and by way of gap junctions [68] (but see [69] ) S-cone signals may have access to most other postreceptoral channels. While these secondary S-cone pathways may be relatively insignificant under normal conditions of adaptation, they may be favored by the intense chromatic adaptation used in our experiments.
Since evidence for the nonlinearity is found in ganglion cell responses, it may arise in the outerplexiform layer, where H1 and H2 horizontal cells both contact M-and L-cone pedicles, but mainly the H2 cells contact S-cone pedicles [70] . In a recent study in which S-cones were labeled with an S-cone photopigment antiserum, 15% of H1 cells were found to contact S-cones, whereas all H2 cells contacted S-cones [71] . Physiologically, however, an S-cone response was found only in H2 cells [72] . If cone photoreceptors light adapt very little [37, 38] , then it seems likely that one function of the horizontal cell must be to control the gain of the signals transmitted from the cones to cone bipolar cells, and so maintain the responses of the bipolar cells in a useful part of their operating range. The H2 cells may be the primary gain control for the S-cone pathway. The intense orange background, which is used in our experiments to isolate the S-cone response, might saturate the H2 cells (through their Mand L-cone inputs), so that they can no longer compensate for changes in S-cone excitation. Increasing the violet target radiance on the orange background might then cause signals in the S-cone pathway to rapidly reach the response ceiling.
